We report on our activities, currently in progress, aimed at performing accelerator experiments with soft protons and hyper-velocity dust particles. They include tests of different types of X-ray detectors and related components (such as filters) and measurements of scattering of soft protons and hyper-velocity dust particles off X-ray mirror shells. These activities have been identified as a goal in the context of a number of ongoing space projects in order to assess the risk posed by environmental radiation and dust and qualify the adopted instrumentation with respect to possible damage or performance degradation. In this paper we focus on tests for the Silicon Drift Detectors (SDDs) used aboard the LOFT space mission. We use the Van de Graaff accelerators at the University of Tübingen and at the Max Planck Institute for Nuclear Physics (MPIK) in Heidelberg, for soft proton and hyper-velocity dust tests respectively. We present the experimental set-up adopted to perform the tests, status of the activities and some very preliminary results achieved at present time.
INTRODUCTION
Silicon-based detectors are largely used in space astrophysics.Charge Coupled Devices (CCDs) have been succesfully adopted in the focal plane of missions such as Chandra and XMM-Newton, providing both good spectral resolution and imaging. New types of Silicon detectors, that promise even improved performance, are envisioned for future missions. 
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Silicon Drift Detectors (SDDs) are among these, and they have been selected as the baseline instrumentation for the LOFT space mission. However, it is known that the performance of Silicon detectors in space can be strongly affected by the radiation environment. Hyper-velocity micro-meteoroids and debris also represent a risk. In this work we present the characterization of some properties of SDDs with respect to soft proton irradiation and hyper-velocity particle impacts. Despite the fact that the flux of primary cosmic rays in an equatorial Low Earth Orbit (LEO) is made relatively low by the geo-magnetic shielding, at very soft energies the flux of protons is enhanced by a near-equatorial component originated from the charge exchange mechanism, and the design of the LOFT mission suggests that the effects of the dose sustained by the SDDs in orbit are carefully explored. For the same reason, it is also important to verify the robustness of the SDDs against impacts of hyper-velocity micro-meteoroids and debris populating the LEO environment. In Section 2 we shortly review the structure and working principle and we describe how the SDDs will be assembled on LOFT. In Section 3 we describe the radiation and dust environments in LEO orbit. In Section 4 we discuss which effects can be expected on SDDs from soft proton irradiation and micro-meteoroid/debris impacts. In Section 5 we present the experimental-set up for soft proton irradiations and some very preliminary analysis on the data recently obtained in a test campaign performed in June 2012. In Section 6 we present the experimental set-up for the micrometeoroid/debris tests, and some results from a test campaign conducted in July 2012. Finally, in Section 7 we summarize the plan for some possible future activities on other type of X-ray instruments as well.
SILICON DRIFT DETECTOR AND LOFT MISSION

Silicon Drift Detector
We give here an essential introduction to the Silicon Drift Detector (SDD) concept [1] , [2] . SDD is a type of photo-diode, functionally similar to a PIN photo-diode, but with a unique electrode structure to improve performance. SDD consists of a volume of fully depleted high-resistivity Silicon, in which an electric field with a strong component parallel to the surface drives the electrons generated by the absorption of ionising radiation towards a set of small-sized collecting anodes. The electric field is generated by a series of cathodes placed on both surfaces, polarized with a negative voltage progressively decreasing fom the central cathode down to the anodes. The key advantage of the SDD is that, thanks to the small area of the read-out anodes, it has much lower capacitance than a conventional diode. Therefore electronic noise at short shaping times is reduced and, for X-ray spectroscopy, the SDD has better energy resolution than a diode while still operating at high count rates. ALICE experiment at CERN/LHC. It is a large area (about 11 cm x 7 cm) Silicon tile with 450 m thick depletion volume coated by a superficial oxide structure (Figure 1) . A drift time as low as ~ 7 secis achieved. The leakage current is low enough to allow for the SDD being operated even at room temperature. However, the radiation environment in space can cause a severe increase of the leakage current. Such effect can be partially compensated by a moderate (-20/-30 C) cooling in orbit.
LOFT mission
LOFT (Large Observatory for X-ray Timing) is a newly proposed M-class space mission devoted to perform fast X-ray timing measurements in the energy range 2-50 keV by exploiting a very large collecting area [4] . It has been selected in 2011 by ESA as a possible candidate mission for a launch in 2020's and the project is currently in the assessment phase. The mission design (Figure 2 ) prefigures two instruments both based on SDDs, the Large Area Detector (LAD) and the Wide Field Monitor (WFM). LAD ( Figure 3 ) is a collimated instrument that consists of 6 deployable panels, each panel is composed by 21 modules, each module contains 4x4 SDDs. The total geometric area is ~18 m 2 . WFM ( Figure 4 ) is a coded aperture imaging instrument consisting of 4 units, each unit is composed by 2 co-aligned SDD cameras. The difference between LAD SDDs and WFM SDDs is the anode pitch, 970 m and 145 m respectively. A more detailed description of LOFT, LAD and WFM can be found in [4] , [5] , [6] . 
Radiation environment: soft proton flux
The current baseline prefigures for LOFT an equatorial Low Earth Orbit at ~600 km altitude with inclination 5º or less. The space environment in this orbit presents the advantage of solar and cosmic particle fluxes largely reduced by the geo-magnetic field, and a minimization of the effects related to South Atlantic Anomaly (SAA) crossings. In particular, in a LEO the softer (less than a few GeV, on average) cosmic component of radiation is completely cut away, as well as solar particles emitted in form of wind and impulsive events. Nevertheless, there are albedo particles (charged particles, neutrons and gamma-rays) generated by the interactions of high energy cosmic rays with the atmosphere, that also can affect the performance of a detector. Between ~1 MeV and ~1 GeV albedo protons are the main component of charged radiation. However, in an equatorial orbit the proton flux below ~1 MeV is enhanced by a component originated from the second stage charge exchange process [6] . The flux of these very soft protons is found to be almost independent of the altitude between 500 and 1000 km and can be described by a kappa-function ( Figure 5 ) [7] , with some dependence on geo-magnetic activity and pitch-angle (peak at ~90 deg). Figure 5 . Near-equatorial proton spectrum [7] 
Dust environment: micro-meteoroids and debris populations
The Earth is surrounded by a belt of micro-meteoroids and orbital debris ( Figure 6 ), made of natural fragments and remainders of older and decommissioned spacecraft, that are potentially dangerous for satellites in orbit. LOFT, due to its light structure and small mass per unit surface, may be particularly sensitive to this type of hazard. As a part of the LOFT SDDs qualification process, we are performing a study, through theoretical calculations, simulations and laboratory tests, aimed to assess the potential risk of impacts on the SDDs by micro-meteoroids and debris. However, the risk posed by micro-meteoroids is expected to be lower than that associated with the debris. The mass of natural fragments with size less than 1 mm is estimated to be about 200 kg within 2000 km above the Earth's surface, while within this same distance the estimated mass of debris with size less than 1 mm is about 300 kg. While the flux of micrometeoroids is isotropic, the flux of orbital debris can be higly directional, with most of debris found in high inclination orbits. Debris can be divided into six groups based on particle size. The smallest size group (with particle diameter less than 20 m) is associated with the highest flux, which makes this type of particles the most dangerous ones. They are Al 2 O 3 grains generated as the result of solid rocket motor burns [8] . 
EXPECTED EFFECTS OF SOFT PROTON BOMBARDMENT AND HYPER-VELOCITY PARTICLE IMPACTS
Consequences of soft proton irradiation
Protons impinging onto the SDDs cause ionization and irreversible crystallographic defects, which can be electrically active and lead to variations in the space charge, increase of leakage current and trapping. Soft protons can typically create point defects. The simplest defect in Silicon is the so-called Frenkel pair, in which a Silicon atom is displaced from its lattice site to the interstitial. The two expected consequences of proton irradiation are a degradation of the field oxide layer and of the interface SiO 2 -Si due to ionization that can lead to an increase of the surface leakage current, and a displacement damage in the bulk, that will determine an increase of the bulk leakage current. The total leakage current is the sum of the surface and bulk contributions. Since protons below ~1 MeV can penetrate only a few tens of microns below the surface (Figure 7 ), they are expected to possibly affect the surface leakage current, while protons above ~ 1MeV would produce effects in the bulk. In order to qualify the LOFT SDDs the effects on softer and harder protons are investigated separately. The SDDs performance under proton irradiation in the bulk is tested at the facility of the Paul Scherrer Institute, with protons in the range 1-50 MeV. The SDDs under proton irradiation on the surface are tested at the facility of the University of Tübingen with protons in the range 0.1-1 MeV, as described in Section 5. From the flux reported in [7] we calculate the dose of soft protons ~0.1-1 MeV during the nominal duration of LOFT mission (~0.1 MeV is a lower threshold related to the presence of filters in front of the SDDs, 80 nm Al + 1000 nm Kapton for LAD, 100 nm Al + 6700 nm Kapton + 160 nm SiO 2 + 25000 nm Be for WFM). Then, the expected nominal values of total ionizing dose (TID) and leakage current increase from non-ionizing energy loss (NIEL) are analytically computed for LAD and WFM [9] . Predicted TID values after 5 years in orbit are ~70 rad( SiO 2 ) for LAD and ~155 rad (SiO 2 ) for WFM; predicted NIEL induced leakage current increases are ~32.5 pA/anode for LAD and ~36.5 pA/anode for WFM.
Values are different for LAD and WFM due to the different anode structure, filter layers and field of view (~1º x 1º for LAD, ~180º x 90º for WFM). From these numbers, the total proton dose is converted into two damage-equivalent doses of 200 keV and 800 keV protons, in order being able to experimentally reproduce the effects of both TID and NIEL and validate expectations. We obtain equivalent doses of ~7·10 6 p/cm 2 @ 200 keV and of ~1.6·10 6 p/cm 2 @800 keV for LAD, and of ~3.55·10 6 p/cm 2 @200 keV and of ~3.42·10 7 p/cm 2 @800 keV for WFM [9] . These values are reported also in Table 1 . 
Consequences of hyper-velocity particle impacts
The impact of micro-meteoroids and debris will cause craters on the surface of the target. The aim of our tests is to determine to which extent the formation of craters may degrade the SDDs performance. A possible significant increase of the SDD leakage current and of the drift field may be expected. However, such effects have never been explored up to now and therefore there is a lack of reference literature on this topic. A preliminary estimation of the expected rates in orbit has been calculated using the ORDEM2000 software package. Based on this, we expect on LAD an impact-rate ~10 impact/year by 1m size projectiles and ~1 impact/year by 10 m size projectiles. The impact-rates expected for WFM are ~600 impact/year by 1m size projectiles and ~60 impact/year by 10 m size projectiles, these rates are larger than LAD values due to the much larger field of view of WFM. However, ORDEM2000 is a quite old model and we will then refine the analysis by dedicated simulations with the ESABASE2 toolkit, which exploits updated debris datasets and models and allows for a more complete analysis of the particle impacts. Then, we put this values in relation with the impact particle parameters to assess the risk of failure. Grun [10] developed an equation to approximate the estimate of the depth of the craters produced by the impact of micron-sized Al and Fe particles: = 0.772 * 1.2 * ( * cos( )) 0.88 * 1 0.73 ( 0.06 * 2 0.5 ) ⁄ where P is the crater depth (cm), d (cm) is the diameter of the impacting particle, v is the speed of the impacting particle (km/sec), θ is the impact angle, ε is a ductility constant, ρ 1 (g/cm 3 ) and ρ 2 (g/cm 3 ) are the densities of the impact particle and target respectively. Since the expected average debris velocity is ~ 10 km/sec [11] , from this equation we expect the production of craters with a few microns depth may on the SDDs surface.
PRELIMINARY ACCELERATOR TEST WITH SOFT PROTONS
Experimental set-up: Van de Graaff accelerator in Tübingen
To investigate the effects of soft protons on the SDDs we use the Van de Graaff accelerator of the University of Tübingen. This accelerator can provide a proton beam with energy up to ~3.5 MeV. Currently, the maximum energy available is 2.3 MeV. We performed a first test on a SDD prototype in June 2012. As explained in Section 4 /4.1, we wanted to operate with two quasi-monoenergetic beams @ ~200 keV and @ ~800 keV, having spatial extent large enough to allow for a uniform irradiation of the SDD surface. The desired properties have been obtained by the use of degrader foils. With the TRIM simulator we calculated the optimal materials and thicknesses to be interposed between f the proton beams and the SDD [12] . We used a 6 m Cu foil to obtain a quasi-monoenergetic (FWHM ~ 70 keV) beam at ~200 keV, starting from 1 MeV energy from the accelerator. We used an 18 m Cu foil to obtain a quasimonoenergetic (FWHM ~100 keV) beam at ~800 keV, starting from 2.3 MeV from the accelerator. The degrader foils also introduced lateral straggling of the beams that provided the spatial broadening (about 20 deg) needed for a nearly uniform irradiation over the whole SDD surface (that in the adopted beamline geometry sees only protons incoming from about 1 deg) [12] . We installed a SDD prototype (Figure 8 and Figure 9 ) provided by INFN-Trieste inside the chamber, in vacumm at ~10 -5 mbar, together with four surface-barrier proton counters at the sides of the SDD to monitor the flux and its uniformity. The SDD was supported by a special PCB frame and was divided into two halves having anode pitches 835 m (LAD side)and 294 m (WFM side). At the four corners of the SDD there were two MOS structures and two gated diodes (GD#2 and GD#3) having the same structure of the SDD, working as characterization/control devices. We irradiated the whole SDD surface in four irradiation steps with the doses of protons reported in Table 1 [8] . During the irradiations both the SDD and the gated diodes were biased at 30 V. Figure 9 . Beamline set-up at the Van de Graaff accelerator (zoom on the test chamber with the mounted SDD and proton counters) Table 1 reports the proton doses accumulated after each step of irradiation for LAD and WFM. At the end of step #4 the doses are such that the corresponding TID and NIEL amounts for WFM are ~2 times the nominal expected ones,while those for LAD are ~4.5 times (TID) and ~15 (NIEL) times the nominal expected ones. Notice that due to the different anode pitches of the tested prototype with respect to the baseline design, the leakage current increase from NIEL in the bulkshould be ~2 times larger than the actual one for the WFM anodes, while for the LAD anodes it should be slightly lower. The increase in NIEL leakage current for the gated diodes is expected to be ~36 pA/diode. We monitored the I-V behaviour of the gated diodes GD#2 and GD#3 in between irradiation steps. GD#2 showed (even before the first irradiation step) some extra contribution superimposed to the expected curve, possibly generated by the presence of a dust grain or grease on the connectors. GD#3 showed the expected I-V profile. We report (Figure 10 ) a comparison of the I-V curves of GD#3 measured at INFN-Trieste before shipping the SDD to Tübingen and after receiving back the irradiated SDD (four days after finishing the irradiation campaign). The gate polarization was scanned from -5 V to +10 V, in such a way that all the states (inversion, depletion, accumulation) of the diode are visible. The surface leakage current is measured from the amplitude of the transition inversion -depletion. An increase of the surface leakage current may be mainly attributed to TID effects. An increase of the offset current in inversion regime gives indication of NIEL damage. The measured increase of the surface leakage current was ~2.5 pA/mm 2 . The measured increase in bulk leakage current (inversion offset) was ~ 2 pA/diode. Both values are much less than expected based on the annealing effet. After one week, the I-V curve recovered completely to the initial profile. A complete analysis on the SDD anode leakage current is presently ongoing at INFN-Trieste. 
Some preliminary data analysis and interpretation
PRELIMINARY ACCELERATOR TEST WITH DEBRIS
Experimental set-up: Van de Graaff accelerator in Heidelberg
A preliminary test with debris on SDD has been performed in July 2012 at the facility of the Max Planck Institute for Nuclear Physics (MPIK) in Heidelberg. The dust accelerator is a modified Van de Graaff generator, able to reach a potential of 2 MV. A complete description of the accelerator can be found in [13] . The accelerator ( Figure 11 and Figure 12 ) can be operated both in single-shot and in continuous mode. Since we expect a relatively low impact-rate in orbit, the first option, which allows to select and change during the experiment the main parameters (size,speed) of each particle in each shot, resulted preferable. An SDD prototype similar to that shown in Section 5 was installed inside the big (1.4 m diameter) chamber available at MPIK, in vacuum at 2.5·10 -6 mbar ( Figure 13 ). The mounting inside the chamber permitted to move manually the detector along the x-y directions, and to tilt it with respect to the direction of incident particles. An encoder resistance was used to select the position along the x-axis. The set-up included a power supply to bias the SDD at its maximum voltage of -1300 V, and two Keithley electrometers interfaced with a computer through a Velleman data logger, to monitor and record the total anode leakage currents from the two halves of the SDD. All the anodes of the SDD prototype selected for this test have been bonded together in order to obtain a higher leakage current signal. Two triangular regions of the sides of the active area of SDD, where the guard electrodes have been implemented, are expected to be particularly sensitive to debris impacts: hitting them could be critical. In LOFT the LAD/SSDs guard regions can be shielded by properly shaping the collimators, while the :.
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WFM/SDDs will be protected partially by the same filtering mechanism that on the rest of the detector. Therefore, we decided to start the test with an Al mask covering the guard regions and anodes, simulating the likely actual LAD configuration. We shot several debris particles made of olivine with size in the range 0.1-2.5 µm and velocity in the range 0.5-34 km/sec ( Figure 14 shows the trade-off size-velocity available at the accelerator) onto the active area of the SDD, on both the LAD and WFM halves. The precision in hitting was within about 1 cm 2 , and could be directly controlled with a laser beam coaligned with the collimator. A charge-detector placed at the entrance of the test chamber provided an alert each time a particle entered the chamber and hit the SDD. Figure 14 . Distribution size-velocity of the olivine debris particles generated by the accelerator
Some preliminary data analysis and interpretation
A detailed analysis of the post-test condition of the SDD is presently ongoing at INFN-Trieste. During the bombardment at MPIK we monitored in real-time the behaviour of the SDD, and then we observed it at the microscope to see craters produced by the impacts (Figure 15 ). This was a preliminary test, and the SSD survived to debris bombardment. Also, the degradation of the performance seems less than expected.However, for the time being we prefer do not anticipate here other details on the results of the test since they are currently matter of further investigation,for example Figure 15 . Microscope view of a crater produced in the voltage divider area by a debris impact to understand how many of the particles we shot were actually able to penetrate into the SDD structure deeply enough to produce a possible damage. We do this by means of simulations (ESABASE2) and available empirical models.
FUTURE WORK
Besides other more complete tests on LOFT SDDs, future accelerator activities are programmed with other type of X-ray instrumentation as well. In the following we summarize some of them:
Tests on micro-calorimeters
The ASTRO-H mission [14] , which is scheduled for launch in 2014, will be equipped with an array of X-ray microcalorimeters. The very thin structure (a few micron thickness) of this detector and related wiring and the evidence that micro-meteoroids and debris can be scattered off X-ray mirror shells down to the focal plane suggest to perform some tests to verify how a micro-calorimeter can withstand hyper-velocity dust impacts. For these purposes we are planning to test a few samples provided by the group at NASA -Goddard Space Flight Center (GSFC) using a small chamber available at MPIK where a micro-calorimeter detector box can be mounted below a 6 mm diameter collimator (the setup is showed in Figure 16 ). Figure 16 . A 6x6 array of GSFC micro-calorimeters mounted in the small test chamber at MPIK for debris impact test
Tests on pn-CCD
The SVOM mission [15] will use a pn-CCD at the focal plane of the MXT telescope. Since SVOM is planned in a LEO orbit with ~30º inclination and the detector cannot be cooled below -60 °C, the proton fluence during SAA crossings poses a high risk for this detector. This type of pn-CCD is also used aboard the eROSITA mission and its robustness and performance degradation under proton irradiation has already been extensively tested up to doses ~5.6·10 8 p/cm 2 [16] . However, the dose expected at the end of the SVOM mission is almost two times larger than this. Therefore, some new tests at higher doses are mandatory.
Tests on X-ray mirrors
The evidence [17] , [18] that X-ray mirror shells can scatter soft protons and dust particles down to focal plane detector. stresses the need of dedicated accelerator tests to improve and validate the existing models for the assessment of the risk posed by scattering from mirrors. We plan to perform some scattering experiments using as target some parts of eROSITA mirror shells cut from a spare telescope prototype at MPE (Figure 17 ). They are a few centimeters in size so that they can easily fit inside the available test chambers.
